Within Latin America, about 319 volcanoes have been active in the Holocene, but 202 of these volcanoes have no seismic, deformation or gas monitoring. Following the 2012 Santorini Report on satellite Earth Observation and Geohazards, the Committee on Earth Observation Satellites (CEOS) developed a 4-year pilot project (2013)(2014)(2015)(2016)(2017) to demonstrate how satellite observations can be used to monitor large numbers of volcanoes cost-effectively, particularly in areas with scarce instrumentation and/or difficult access. The pilot aims to improve disaster risk management (DRM) by working directly with the volcano observatories that are governmentally responsible for volcano monitoring as well as with the international space agencies (ESA, CSA, ASI, DLR, JAXA, NASA, CNES). The goal is to make sure that the most useful data are collected at each volcano following the guidelines of the Santorini report that observation frequency is related to volcano activity, and to communicate the results to the local institutions in a timely fashion. Here we highlight how coordinated multi-satellite observations have been used by volcano observatories to monitor volcanoes and respond to crises. Our primary tool is measurements of ground deformation made by Interferometric Synthetic Aperture Radar (InSAR), which have been used in conjunction with other observations to determine the alert level at these volcanoes, served as an independent check on ground sensors, guided the deployment of ground instruments, and aided situational awareness. During this time period, we find 26 volcanoes deforming, including 18 of the 28 volcanoes that erupted -those eruptions without deformation were less than 2 on the VEI scale. Another 7 volcanoes were restless and the volcano observatories requested satellite observations, but no deformation was detected. We describe the lessons learned about the data products and information that are most needed by the volcano observatories in the different countries using information collected by questionnaires. We propose a practical strategy for regional to global satellite volcano monitoring for use by volcano observatories in Latin America and elsewhere to realize the vision of the Santorini report.
Introduction
Unlike most other types of geohazards, many volcanic eruptions are presaged by volcanic unrest lasting a few hours to years (e.g., (Passarelli and Brodsky 2012; Phillipson et al. 2013) ). Unrest has been measured by satellite before several eruptions and has included instruments, satellites can provide unique complementary information. For example, during the 2010 eruption of Merapi, Indonesia, frequent satellite radar acquisitions provided critical information about the rate of dome growth, which in turn informed decisions related to evacuations that are credited with saving thousands of lives (e.g., (Pallister et al. 2013a) ).
While remote sensing observations have proven their worth in volcano monitoring and are routinely being used to track activity at some volcanoes (e.g., (Tait and Ferrucci 2013) ), there are still basic unanswered questions that challenge the use of satellite data for monitoring all of the world's subaerial volcanoes. For example, what remote sensing datasets are most critical for detecting changes in unrest and eruptive activity given varied styles of volcanism and diverse environmental settings? One approach would be to collect data from all relevant satellites over all of the world's volcanoes on every pass. Given limits on satellite resources and user capability, however, this is not a realistic nor an efficient strategy. To develop a pragmatic solution to the challenge, the 2012 Santorini report from the International Forum on Satellite Earth Observation (EO) and Geohazards suggested an integrated, international, global remote sensing geohazards monitoring effort for disaster risk management that would leverage the capabilities of the different satellites that can observe volcanoes (Bally 2012) . The Santorini report highlighted the range of observational capabilities represented by the international satellites and brought together researchers from a range of disciplines. Specifically, the report recommended an observing strategy that would focus satellite observations at volcanoes depending on their level of activity: global background observations at all Holocene volcanoes; weekly observations at restless volcanoes and daily observations at erupting volcanoes. The Santorini report further called for 20-year sustainability and capacity-building that would increase the uptake of the satellite data by end-users who work in disaster risk reduction.
As a step towards realizing the vision of the Santorini report, the Committee on Earth Observation Satellites (CEOS), an umbrella organization of major international space agencies that is dedicated to international coordination of space-based Earth observations, initiated a series of Disaster Risk Management (DRM) pilot projects for different geohazards (volcanoes, earthquakes, floods and landslides). The goal of the pilot projects is to serve as a showcase for the international DRM community, demonstrating the importance of increased CEOS coordination, the benefits of easing data access for end users, and the potential roles of space agencies in DRM. Here, we focus on the volcano pilot, and specifically the project's work on volcanism in Latin America using satellite Synthetic Aperture Radar (SAR) data. Our aim is to illustrate the value added by SAR remote sensing data -especially in deriving insights that would not otherwise have been possible -and to define a strategy for satellite SAR observations that can be used to most efficiently and effectively track unrest and eruptions at volcanoes worldwide. We also highlight the need for strong ties between data providers, researchers, and end users to ensure that the agencies that are ultimately responsible for volcano monitoring have access to, and understanding of, those datasets that are most critical for making informed DRM decisions.
The CEOS volcano pilot project: motivation and implementation
The CEOS volcano pilot project consists of three elements: (A) a regional study of volcanic unrest and eruption in Latin America; (B) support of Geohazard Supersites and Natural Laboratories (GSNL) volcano targets; and (C) comprehensive remote sensing coverage of a significant eruptive event. Our focus in this paper is on objective A, which serves as the proof-of-concept for how an integrated, international, global remote sensing volcano monitoring effort might be implemented. We chose to focus our work on Latin America (Fig. 1) , encompassing ∼ 319 volcanoes spanning from central Mexico in the north to Chile in the south and including the Caribbean and Galápagos (e.g., (Delgado et al. 2014a; Global Volcanism Program 2017) ).
Latin America was chosen as a test area because the volcanoes span a range of eruption types (notably, long-lived eruptions, discrete explosive eruptions, caldera-and dome-forming systems), ages (including 14 volcanoes which have not erupted in the Holocene, but show unrest) and environments (from desert to tropical jungles to snow-capped peaks). Previous deformation measurements in the region were representative of those recorded globally (Fig. 2 ), but with a larger number of detections of non-magmatic signals from regional surveys (including inter-eruptive, hydrothermal, flow deposit and fault-related signals), and some of the largest spatial footprints ever observed. Volcanic activity is abundant (there are dozens of volcanoes deforming or erupting per year) and eruptions have a strong impact on both local populations and air traffic. At the national level, there are well-established volcano observatories, but insufficient resources to effectively monitor all the volcanoes with ground-based networks, leaving an estimated 202 volcanoes unmonitored (Brown et al. 2015a) . These observatories are well-placed to incorporate satellite observations into existing systems for forecasting eruptive activity and setting alert levels based on ground-based data.
To implement the Latin America Pilot Project (henceforth called LAPP), a group of satellite remote sensing , and references therein), eruptions (green labels), and satellite-detected thermal anomalies as purple circles (Jay et al. 2013) . Names of the volcano observatories that are responsible for monitoring the volcanoes in each country are listed in orange (acronyms are defined in Table 4) experts was assembled. Each expert was given responsibility for a specific region, with the aim of minimizing overlap and facilitating communication with volcano observatories in each region ( Fig. 1 and Additional file 1: Table S1 ). CEOS agencies made available hundreds of satellite images per year that would normally cost more than a million dollars (see list of satellites and space agencies in Table 1 ), while funding to support personnel came from a variety of sources (see Acknowledgements). To keep the size of the project manageable, the LAPP team did not include all remote sensing researchers studying volcanoes in Latin America, but team members did informally coordinate activities with non-LAPP scientists (see Acknowledgements) to extend the reach of the project and avoid duplication of effort. The LAPP was envisioned as a 3-year project starting in late 2014 and ending in late 2017, but in this paper, we describe project work obtained using data collected starting on 1 January 2013 (because the LAPP team used archive data) through 1 January 2017. At the initiation of the project, the following goals were established for the LAPP: The LAPP is independent of the Group on Earth Observations (GEO) Geohazard Supersites and Natural Laboratories (GSNL) initiative (e.g., (Percivall et al. 2013 ); www. geo-gsnl.org), which promotes collaboration between scientists and open access to remote sensing and other data to improve understanding of volcanic and seismic hazards (e.g., (Salvi 2016) ). During the course of the LAPP, an Ecaudorian volcano supersite was created covering Cotopaxi and Tungarahua volcanoes. After the Ecuadorian supersite was formed, all SAR data collected over those volcanoes became openly available to registered researchers and no longer relied on data-access through the LAPP, but the results are incorporated here for completeness.
The LAPP is also a complement to the International Charter on Space and Major Disasters which provides satellite data from multiple sensors for two weeks after selected events (www.disasterscharter.org) -for example there were five Chater activations at subaerial Latin American volcanoes during the LAPP (Copahue and Ubinas in 2013; Turrialba, Villarrica, and Calbuco in 2015) . While the data are very valuable for disaster response in the short term, data are not provided in the months to years at the numerous volcanoes that exhibit unrest every year in anticipation of an event, or during crises that can last for more than two weeks.
The global satellite virtual constellation
The global satellite virtual constellation (e.g., (Wulder et al. 2015) ) includes a wide range of capabilities and satellite systems. Some satellite data are routinely processed automatically in near-real time by algorithms, for example thermal detections by the Moderate Resolution Imaging Spectroradiometer (MODIS) instruments (e.g., (Wright et al. 2004) ) and detections of degassing by the Ozone Monitoring Instrument (OMI) (e.g., (Krotkov et al. 2006) ). Derived products are either distributed via a web-portal, or operate an alert system that sends an email to subscribed users under particular circumstances (e.g., thermal and ash detections by weather satellites, (Pavolonis et al. 2016) ). Although the LAPP team made use of all available satellite resources, here we focus on SAR data, which generally lack automated processing and anomaly detection routines (but see, Hua et al. (2013) ; Spaans et al. (2017) ).
Satellite SAR data provide two components of information about the area they image -phase and amplitude. The phase difference between two radar acquisitions separated in time and/or space is frequently used to provide information about the topography or the magnitude and spatial extent of ground deformation associated with volcanic processes and is called Interferometric Synthetic Aperture Radar (InSAR, e.g., (Bürgmann et al. 2000; Pinel et al. 2014) ). In areas where the land surface changes rapidly, for example due to vegetation growth or emplacement of volcanic deposits, the phase difference observed by InSAR appears random between neighbouring pixels (incoherent), and therefore no meaningful information can be retrieved. Phase delays introduced by variation in atmospheric water vapour content can also introduce significant phase noise that can obscure or modify ground deformation signals (e.g. (Parker et al. 2015) ).
In this study, SAR data were primarily used to create interferograms that record phase change related to ground deformation using the InSAR technique. In a global study using 10 years of ground-based sensors, deformation provided the longest indicators of pre-eruptive unrest (Phillipson et al. 2013) ; hence, InSAR is of particular interest in volcano monitoring and eruption forecasting. Increasingly, SAR data are also used to track changes in the amplitude of the radar signal to map the emplacement of volcanic deposits (e.g., (Pallister et al. 2013a; Solikhin et al. 2015; Arnold et al. 2017; Arnold et al. 2018) ) and InSAR data are used to measure topographic change (e.g., (Arnold et al. (Arnold et al. 2016 ); Naranjo et al. (Naranjo et al. 2016 ); Ebmeier et al. (Ebmeier et al. 2012 ); Poland (Poland 2014) ). We describe below how amplitude images and topographic change were used during the LAPP.
The international virtual constellation included ten SAR satellites during the lifetime of the LAPP (Table 1 ) with a variety of data access policies ranging from data provided at no cost to commercial missions with limited opportunities for scientific data access. While the existence of ten SAR satellites could theoretically generate significant quantities of data, only Sentinel-1a/b and Advanced Land Observation Satellite-2 (ALOS-2) collect data over all volcanoes; other satellites only collect data over a fraction of the most active or dangerous volcanoes due to trade-offs imposed by the duty cycles of the satellites (e.g., (Potin et al. 2014) ). Further, imagery is not always acquired with the necessary spatial or temporal resolution to best image volcanic processes; therefore, an approach that exploits the entire international SAR virtual constellation provides the best results for detecting and characterizing volcano behaviour. For example, the spatial extent of ground deformation signals that have been detected by SAR satellites at Latin American volcanoes range from a few hundred meters (e.g., (Pavez et al. 2006; Salzer et al. 2014) ) to 10 to 100s of kilometers (e.g., (Henderson and Pritchard 2013; Feigl et al. 2013; Le Mével et al. 2015) ), and so different spatial coverage and resolutions are needed to track deformation at these different extremes.
As part of the LAPP, quotas of data were allocated for SAR systems other than Sentinel-1, usually following the submission of a proposal for data access (see Acknowledgements). The quotas of data from COSMOSkyMed (CSK), ALOS-2, and RADARSAT-2 (RSAT2) came with a data policy that did not allow for distribution of the raw data outside of the LAPP team, although derived products could be shared. A special case was data from TerraSAR-X (TSX) and TanDEM-X (TDX) satellites -data ordered by the pilot project were made openly available on the DLR supersite web portal (supersites.eoc.dlr.de), even though the volcanoes studied were not formally part of a supersite.
Topographic change associated with eruptive activity is also important for volcano monitoring (e.g., (Poland 2014; Albino et al. 2015) ), so the LAPP used a second dataset of high-resolution bistatic SAR collected by the TSX and TDX satellites called Coregistered Single look Slant range Complex (CoSSC) that provides topographic information for the years 2013-2017 (Table 2) . We then calculate topographic change of the CoSSCs relative to topography in February 2000 from the Shuttle Radar Topography Mission (SRTM, e.g., (Farr et al. 2007) ).
Data availability and processing
We specified the observing frequency of SAR satellites needed for each of the ∼ 319 Holocene-age volcanoes in Latin America motivated by the recommendations of the Santorini Report (Additional file 1: Table S1 ), with a few modifications. We grouped the restless and erupting categories together into a category called active (63 total in Additional file 1: Table S1 ) that included volcanoes with eruptions during the LAPP (28 volcanoes), seismic swarms (nine) or other satellite detected unrest (54) since 1990. While the Santorini report had the goal of daily observations for erupting volcanoes, given the constraints on data quotas and satellite capabilities, we instead aimed to have approximately weekly observations at the 63 active volcanoes. More frequent observations were obtained where feasible at the request of volcano observatories, in response to eruptions, or where short repeat intervals were needed to maintain InSAR coherence (particularly for the X-band satellites). For active volcanoes in areas with snowfall (e.g., southern Chile and Argentina), observations were only collected in the austral summer months.
In fact, only about 42 of these 63 active volcanoes were observed regularly due to limits of data availability, data quality, and data quotas, all particular to each satellite system. For the CSK constellation, we were able to request that certain volcanoes be added to the background mission, which already included 163 volcanoes globally (Sacco et al. 2015) . With these additions, about 103 volcanoes in Latin America had more than 10 stripmap acquisitions, and we concentrated on 16 of these where the high spatial and temporal resolution along with favorable ground conditions (e.g., lava flows with little vegetation or lack of permanent snow cover). For TSX and TDX, about 100 volcanoes had multiple scenes acquired over them in stripmap or spotlight modes, although many fewer (about 30) had enough dates to create an InSAR time series. We used data from 10 of these volcanoes with primarily stripmap data (Table 1) , while a good time series of spotlight data were collected at about seven volcanoes that were studied by others (e.g., (Salzer et al. 2014; Richter et al. 2018) (Mahmood 2014) . We were granted a data quota for eight of these volcanoes, including one that was covered through the Ecuadorian volcanoes GSNL project. But because several volcanoes of interest were often in the same SAR frame and a few volcanoes could be studied using data allocations from allied projects, a total of 15 volcanoes were examined with RSAT2 data (Table 1) .
For the other 256 volcanoes not in the active category, background observations were collected about four times per year using the ALOS-2 satellite, which carries an L-band radar that provides better long term coherence in heavily vegetated areas and whose ScanSAR mode can acquire data over many volcanoes using relatively few scenes. Sentinel-1a/b data were used for background observations in all areas as well as to test the coherence of these data for different types of vegetation. Processing of SAR data was accomplished using a variety of methods (time series, single interferograms, and radar shadowing) and software packages (GAMMA, ROI_PAC, ISCE and GMTSAR) depending on the institution and type of data available and are described in the individual publications from the LAPP (e.g., (Muller et al. 2015; Naranjo et al. 2016; Ebmeier et al. 2016; Morales-Rivera et al. 2017; Arnold et al. 2016; Delgado et al. 2016; Delgado et al. 2017; Wnuk and Wauthier 2017; Stephens and Wauthier 2018) as previously identified by (Ebmeier et al. 2012) Only monitoring data besides campaign tiltmeters and photogrammetry studies of the active Caliente dome (Johnson et al. 2014) Fuego a , Guatemala Null results but coherence is poor even with ALOS-2 likely due to the volcano's steep slopes Limited ground-based monitoring (only one single short-period seismometer with low signal-to-noise ratio on the eastern flank)
Masaya ab , Nicaragua Ground deformation due to conduit processes associated with explosive eruptions in 2012 (Stephens et al. 2017) . Uplift offset from active summit during unrest in 2015-2016 (Stephens and Wauthier 2018) Only monitoring data available, besides few seismometers and 1 GPS station in the caldera and 1 in Managua city. New GPS stations are being installed as a result of the LAPP InSAR results
Momotombo ab , Nicaragua Lack of pre-eruptive inflation has been confirmed by InSAR (Roman et al. 2016) 1 permanent GPS station confirms no pre-eruptive inflation (Roman et al. 2016 (Muller et al. 2015) InSAR data provided spatial covereage needed to identify process responsible for deformation, and to detect landslides on upper slopes.
Turrialba b , Costa Rica GPS measured deformation associated with eruptions and long-term background uplift.
No major deformation in C-band and L-band interferograms. X-band data incoherent so localised deformation around vent would be undetected.
Continued ground monitoring
Poas b , Costa Rica GPS measured deformation associated with phreatic eruption in 2017. No background X-band acquisitions available to provide confirmation.
Nevado del Ruiz, Colombia a Broad uplift discovered centered 10 km SW of volcano Provided synoptic context to understand GPS data that only captured fraction of deformation Ground deformation during seismic crisis at unmonitored volcano InSAR data added to evidence from the ground observations to assess hazard Reventador ab , Ecuador
Topographic change associated with ongoing eruption. TanDEM-X and RSAT2 used to map 43 independent lava flows in 2012-2016 (Naranjo et al. 2016; Arnold et al. 2017) InSAR data critical to measuring flow thickness and hence effusion rates Tungurahua ab , Ecuador Also covered by GSNL. Frequent deformation on western flank detected with multiple satellites
Dense ground-based network, but deformation located between sensors (Muller 2016) .
Cotopaxi ab , Ecuador Also covered by GSNL. Pre-eruptive deformation (Morales-Rivera et al. 2017); co-eruptive amplitude changes ).
Amplitude images confirmed changes in ice-cap detected by overflights. Pre-eruptive deformation detected retrospectively.
Fernandina, Ecuador
InSAR time series shows continuous uplift over the 2012-2013 period only shortly interrupted for a couple of months at the end of 2012 (Pepe et al. 2017 ).
Continued limited ground monitoring (1 working seismometer)
Wolf a , Ecuador InSAR time series shows large co-eruptive ground deformation and confirms results based on single interferograms, as in (Xu et al. 2016) . No clear evidence of pre-eruptive deformation signals.
No ground monitoring, but for some seismometers on nearby islands (Bernard et al. 2015) Auquihuato, Perú Earthquake deformation at unmonitored volcano ( ) unaffected by several VEI 1-2 eruptions Continued ground monitoring
Llaima, Chile
Background observations show no deformation Continued ground monitoring Villarrica ab , Chile Deformation detected after 2015 eruption Combined with GPS data, alert level of volcano raised Cordón Caulle, Chile Discovered fast uplift following eruption not detected by seismic network (Delgado et al. 2016; Euillades et al. 2017) Deployed additional GPS receivers Calbuco ab , Chile Co-eruptive but not pre-eruptive deformation Nikkhoo et al. 2017) , post eruptive deformation suggested by ground sensor but not confirmed by InSAR (Additional file 2: Figure S1 )
Confirmed single ground sensor had co-eruptive deformation and showed post-eruptive sensor unreliable
Chaitén, Chile Background observations show no subsurface deformation, but topographic change at lava dome ( Table 2 summarizes the results of InSAR data analysis from 36 volcanoes from the LAPP and allied projects. These observations include the outcome of processing requests from the volcano observatories (including null results -14 different volcanic episodes) as well as background monitoring. During the 4-year time period of the pilot discussed here, 28 different subaerial volcanoes had 43 eruptions (VEI 0-4) in Latin America that were recorded by Global Volcanism Program (2017) . Not all of these eruptions were studied by the LAPP because the volcano observatories did not request satellite data, the eruptions were small, the volcanoes were already well monitored, or for another reason. Using the information in Table 2 , we summarize below the different ways the results have been used by the volcano observatories to complement the mostly groundbased monitoring already being done:
Results

Utility of satellite observations to volcano observatories during the LAPP
Responding to seismic crises
The LAPP frequently responded to requests from volcano observatories to provide satellite data to complement ground-based measurements of unrest. In particular, InSAR observations were often requested to assess whether there was evidence of large magma accumulation during a seismic crisis, or to confirm observations of deformation from a single sensor. Observations from the LAPP have shown a lack of magma-driven deformation during crises at Chiles and Cerro Negro de Mayasquer (hereaftercalled Chiles-Cerro Negro), Momotombo, Sabancaya and Nevados de Chillán (Jay et al. 2015; Ebmeier et al. 2016; Roman et al. 2016) , and have consequently been instrumental in the decision not to raise the alert level. In contrast, at Villarrica and Calbuco, satellite observations spanning the eruption confirmed ground results showing uplift or subsidence, which gave confidence to the decision to keep the alert level high . At Guallatiri and Calbuco post-eruptive satellite observations showed that ground sensors were faulty.
The period of unrest at Chiles-Cerro Negro, which lies on the border between Ecuador and Colombia, provides an excellent example of the contribution of the LAPP during a seismic crisis. The regional seismic network first detected seismicity in October 2013, at which time the volcano had no dedicated ground-based monitoring. With a second swarm in February-May 2014, the local observatories -Instituto Geofisico-Escuela Politecnica Nacional (IG-EPN) in Ecuador, Servicio Geologico in Colombia (SGC) and Observatorio Vulcanologico y Sismologico de Pasto (OVSP) gradually installed ground-based monitoring, but also requested satellite data from the LAPP. At this time, SAR interferograms revealed negligible surface deformation . In October 2014, a third, more intense swarm occurred, with some of the larger earthquakes being felt in local towns. This swarm peaked on 20 October with a Mw 5.6 earthquake which caused significant damage to buildings (e.g., ). Such large earthquakes are often considered to be a sign of impending eruption, but the event was only recorded by two GPS receivers at distances of 2 km and 15 km from the edifice, and gave limited information about the source. However, interferograms generated from TSX and CSK data as part of the LAPP showed uplift ∼ 5 km south of the volcano. Source modelling showed that this was consistent with an oblique thrust earthquake occurring on the El Angel fault system rather than magma accumulation, and was thus not indicative of an impending eruption. These observations played a key role in the decision to reduce rather than elevate the alert level for the volcano.
Complementing limited ground-based networks during eruptions
At Pacaya, the InSAR observations are effectively the only systematic deformation monitoring data available to complement a single seismometer. Besides the previously identified flank motion in 2010 and lava flow subsidence using ALOS-1 and UAVSAR (Schaefer et al. 2016) , new RSAT2 data processed in this project provided evidence for deformation induced by magmatic processes, as well as a new episode of flank motion associated with eruptions in early 2014 (Wnuk and Wauthier 2017) . Following those new InSAR results from the LAPP, the deployment of three new GPS receivers colocated with seismic stations are planned by INETER in collaboration with external partners from Michigan Tech, to complement sparse and discontinuous campaign GPS observations. Telica in Nicaragua is classified as a persistently restless volcano. Ebmeier et al. (2013b) found no evidence for deformation using ALOS-1 InSAR data spanning 2007 , Telica experienced a particularly energetic eruptive episode including numerous explosions, primarily during May, September, and November 2015. Large volcanic bombs reached areas up to one kilometer away from the vent, putting local residents in danger, as well as damaging property and livestock. Unusual changes in the volcano seismicity and inner crater morphology were documented leading up to the eruption (Diana Roman, personal communication, 2017) . One GPS station on the volcano showed evidence for small precursory and syn-eruptive deformation of the edifice (a few centimeters in North-South and East-West components (Pete LaFemina, personal communication, April 2017), which was not observed at Telica before. New Sentinel-1 InSAR results from the LAPP confirm the motion observed in the GPS data (Diana Roman, personal communication, 2017) .
No ground-based monitoring
During the LAPP, we were able to monitor volcanoes with no ground-based networks closer than 10 km and discovered activity previously undetected. Specifically, the LAPP discovered inflation at Cordón Caulle, Chile after the end of the 2011-2012 eruption that was not associated with any change detected by the regional seismic networks (Delgado et al. 2016; Euillades et al. 2017) . The Chilean volcano observatory installed three new campaign GPS stations during February-April 2016 at Cordón Caulle as a result of the LAPP. Ground deformation was also discovered at the Holocene Cerro Auquihuato volcano in Perú during 2007 -2011 (Morales-Rivera et al. 2016 , and the discovery was communicated to the Peruvian volcano observatory during the LAPP. Cerro Auquihuato has no historic eruptions and is not monitored on the ground, but future ground measurements are planned by the Peruvian volcano observatory.
Wolf volcano, in the Galápagos Islands, is also poorly monitored; the first information on the 2015 eruption relied on a few seismic stations (one located on the Fernandina Island, 35 km to the SSW of the volcano) and on pictures taken by the crew of a cruise ship sailing the area. Only when the ash plume was formed and reached more than 10 km in altitude, was it detected by the Washington Volcanic Ash Advisory Center (Bernard et al. 2015) . Sentinel-1 and CSK were acquiring data regularly at the eruption time, with a repeat time of 12 and 16 days, respectively. A few ALOS-2 acquisitions were also available. In particular, three Sentinel-1 and one ALOS-2 interferograms spanning the eruption have been used to model the active magmatic sources (Xu et al. 2016) . CSK provided the best time series of ground deformation spanning the eruption (Fig. 3) ; in this case 30 images acquired between 16 April 2014 and 25 August 2015 on a descending track were combined through the Small BAseline Subset (SBAS) approach to compute the cumulative ground deformation map and deformation time series for each coherent pixel of the area. The map clearly shows that the largest deformation occurred on the top of the volcano. The time series of points A and B in the map also show that, in time, the deformation occurred mostly across the eruption, with only a small signal before its start that may be an atmospheric artifact.
Spatial gaps in ground-based networks
Many active volcanoes in Latin America have welldeveloped ground-based monitoring systems, but these are often of limited spatial extent, and are difficult to maintain during eruptions or at high elevations near summits. Satellite imagery is therefore vital to fill in spatial gaps and provide a critical synoptic perspective. The spatial coverage of InSAR data is particularly important in constraining models of the deformation source, The map shows the cumulative ground deformation superimposed on a SAR multilook amplitude image of the area; red color means movement away from the satellite, blue towards it. The map is in radar coordinates: line of sight is from right to left with a look angle of about 47 degrees, while the white arrow indicates the North direction. The time series of two selected points located on the tops of the volcano are also presented. The eruption time period is highlighted in red. Time series (a) highlights a deformation of about 50 cm away from the satellite during the eruptive period; on the time series (b), a smaller deformation towards the satellite (partially recovered after the eruption) is observed something that is not possible to do accurately based on data from just one or two ground sensors.
The use of InSAR data in this way at Chiles-Cerro Negro was described in "Responding to seismic crises" section . Other examples during the LAPP include Calbuco , Tungurahua and Nevado del Ruiz. The deformation at Tungurahua is localized on the western flank and lies between the GPS sites that make up the monitoring network -it was first detected in 2008 by InSAR (Fournier et al. 2010; Biggs et al. 2010 ), but was detected repeatedly during the LAPP (Muller 2016; Hickey et al. 2017 ). At Nevado de Ruiz, the GPS network detected uplift and northward motion at all sites, an observation that is difficult to interpret in terms of the magmatic plumbing system located vertically beneath the summit. InSAR observations demonstrated that there was a large, deep zone of magma accumulation located to the south of the volcano, demonstrating the importance of synoptic satellite observations in understanding the extent of deformation patterns, particularly when they are offset from the surface edifice (e.g., Londono 2016) ).
Null results and eruptions without measured deformation
For volcanoes that apparently erupt without deformation, a key question is whether the deformation is being missed because the temporal and spatial resolution of the sensors cannot capture the temporal and spatial characteristics of deformation (e.g., ). Tilt meters located close to volcanic vents record deformation over timescales of minutes to hours, which may occur cyclically (e.g., (Voight et al. 1999; Johnson et al. 2014; Anderson et al. 2015) ) or prior to Vulcanian eruptions (Iguchi et al. 2008; Gottsman et al. 2011 ) install and maintain. Although these timescales remain much shorter than satellite repeat times, high spatial and temporal resolution data from Xband satellites can identify shallow conduit processes on timescales and lengthscales much shorter than earlier Cband and L-band satellites (Salzer et al. 2014; Ebmeier et al. 2014; Stephens et al. 2017) . Because the LAPP uses satellite observations from a range of different platforms with different spatial and temporal resolutions, it provides a particularly good opportunity to investigate such systems.
Of the 28 subaerial eruptions that occurred during the LAPP, deformation at 18 of these was detected before, during, and/or after the eruptions (Table 2) . At the other 10 volcanoes (Table 3) , no deformation was observed before, during, or after the eruptions, but the eruptions were relatively small (VEI 2 or less). The volcanoes with VEI 3 (Tungurahua) and 4 (Calbuco, Wolf ) eruptions during the LAPP all had detected deformation. Further, several of these volcanoes (e.g., Santiaguito, Fuego, Ubinas, Villarrica) are open systems and so the eruptions may have only a small cyclical deformation signal lasting a few minutes close to the vent that is hard to detect with InSAR observations separated by several days (e.g., (Johnson et al. 2014) ). InSAR data quality for different satellites in different areas Utility of Sentinel-1 C-band data for background observations
The Sentinel-1 mission represents a major step forward in terms of volcano observation, and is yielding new results thanks to its frequent repeat and global acquisition strategy. We describe areas where Sentinel-1 observations are proving useful, even in challenging environments (e.g., 12 day pairs at the higher elevation tropical volcanoes of Colombia, Fig. 4) . In many cases, the rocky volcanic edifices themselves are coherent, but the densely vegetated regions surrounding them are not (e.g., San Miguel in El Salvador and and Telica, Cerro Negro and San Cristobal in Nicaragua). Multilooking and filtering data can improve coherence, however, this reduces the spatial resolution, and limits the ability to measure localized deformation signals.
However, in other areas, a different observing strategy than that currently used by Sentinel-1 might be needed to produce coherent measurements. For example, VV polarization data acquired every 12-24 days (or 35 days for ENVISAT) is often incoherent in vegetated areas (Figs. 5, 6 , and Additional file 2: Figure S6 ) at the most dangerous volcanoes in southern Chile (including Nevados de Chillán, Villarrica, Calbuco, Cordón Caulle, Copahue) and Central America (including Fuego and Santiaguito, Guatemala as well other areas shown by Funning and Garcia (2017) ). In some cases, better data quality can be obtained with shorter time period observations or using HH polarization with higher bandwidth, which provides higher spatial resolution (e.g., RSAT2 or ENVISAT extended mission, Fig. 7 ). An example of the superior data quality for different satellites with different (Fig. 7) ; c is from the L-band ALOS-2 satellite; d and e are from the C-band Sentinel-1 satellite with VV polarization with bandwidth 20-60 MHz (Fig. 7) . As expected, the L-band data quality is superior to the C-band radars. The HH polarizaton and higher bandwidth of RSAT2 provides better data quality over a larger area than the HH polarization and lower bandwidth of Sentinel-1 given the approximately same temporal span, perpendicular baseline and radar wavelength. The Wide Ultra Fine mode (a and b) has a higher bandwidth (Fig. 7) and spatial resolution ( 2 m/pixel) compared with the WideFine 2 mode (f). The brown polygon shows the 2011-2012 lava flow bandwidths and polarizations spanning the austral winter at Cordón Caulle, Chile is shown in Fig. 5 . The VV polarization from Sentinel-1 is able to capture some of the ground deformation pattern, but because it is incoherent in the vegetated areas around the volcano, there is a greater ambiguity as to the cause, spatial wavelength, and amplitude of the deformation signal than from the HH Cband and L-band observations. In an effort to compare the effects of polarization and radar bandwidth on coherence at Cordón Caulle, we compared several different observation modes from different C-band radar satellites (Fig. 7) . The figure shows that data from high resolution and HH polarization C-band platforms have the highest coherence at Cordón Caulle, although the exact reasons are currently under investigation. Delgado et al. (2017) reached the same conclusion of the higher coherence of the HH ENVISAT IM6 beam compared with VV ENVISAT IM2 for nearby Llaima, Villarrica and Calbuco volcanoes.
Another example where the coherence of a HH polarized 24-day RSAT2 interferogram is superior to a 24-day VV-polarized Sentinel-1 interferogram is shown in Fig. 4 at Chiles-Cerro Negro, on the Colombia-Ecuador border. The 24 day RSAT2 interferogram is also more coherent than a 12-day Sentinel-1 VV polarized interferogram. In summary, in areas with heavy vegetation like Central America and southern Chile in Latin America as well as the Western Rift of Africa and Papua New Guinea (e.g. (Nobile et al. 2017; Garthwaite et al. 2017) ), Sentinel-1 observations need to be taken every 6 days to maintain coherence. Where this is not possible, RSAT2 and L-band (Delgado et al. 2016 ). U12W2 beam SAR images were acquired three days after the TOPS ones. The average coherence of the U12W2 beam is higher than the TOPS beam (see Figs. 5 and 7) observations are likely to be coherent, even if taken less frequently. However, the L-band observations suffer from extreme ionosphere problems spanning from Colombia to southern Chile (e.g. (Fournier et al. 2010; Morales-Rivera et al. 2016) ). Quadratic ramps can be used to mitigate ionospheric signals for ALOS-2 stripmap data, but data from the ScanSAR beam requires a split-spectrum approach (e.g., (Liang and Fielding 2017) ) because low order polynomials cannot capture the ionospheric complexity over such large swaths unless they are significantly cropped (e.g. (Euillades et al. 2017) ).
Utility of X-band data for studying actively erupting volcanoes
X-band satellites such as CSK and TSX can provide higher spatial and temporal resolution data than other satellites, but X-band data are typically less coherent than C-band and L-band data (e.g., (Ebmeier et al. 2013b) ). These satellites require more frequent data collects than the longer wavelength radars to maintain a coherent time series. Thus, analysis of X-band data is more resource intensive, both in terms of requiring large data quotas, as well as computer and personnel time. However, the extra resources required for X-band data are not well characterized due to the small number of X-band datasets that have been analyzed to date, and so we describe the unique value of the X-band data at Masaya. Masaya has an ephemeral lava lake, occasional explosive eruptions and is persistently degassing (e.g., (Stix 2007) ). An earlier study found long-term subsidence along the caldera ring fault using ALOS-1 data, but no deformation associated with magmatic processes close to the vent (Ebmeier et al. 2013b) . For the LAPP, we focused on the transition between effusive and explosive behavior in May 2012 using a set of 40 CSK images spanning 8 months (Stephens et al. 2017) . We find an alternating and unusual pattern of uplift and subsidence associated with the eruption -uplift in the month prior to the eruption, subsidence prior to the eruption, and back to uplift following the end of the eruption (Stephens et al. 2017) . All the deformation occurs within 1.5 km of the vent and is consistent with a source within the upper 2 km of the magmatic plumbing system. The Masaya example demonstrates that detailed analysis of high spatial and temporal resolution datasets may reveal 
Associated SAR observations
In addition to interferograms to measure deformation described in the last sections, SAR satellites can also provide radar amplitude images and digital elevation models, which have the potential to be very useful to volcano observatories.
Radar amplitude
The amplitude component of a SAR image represents the power of the backscattered radar signal. The amplitude is a function of local slope relative to the SAR incidence angle, and the surface roughness on the length scale of the radar wavelength (e.g., (Wadge et al. 2011) ). Changes in the observed radar amplitude can therefore provide information about areas that are affected by volcanic eruptions, even when the surface has changed enough to decorrelate the SAR phase. At Cotopaxi Volcano, Ecuador, we observed changes in the summit glacier due to the minor explosive eruptions in August 2015 ). Comparing pre-eruptive and post eruptive images, we observe reduced amplitude within the summit crater in TSX, CSK (Fig. 8) and Sentinel-1a imagery (not shown). This amplitude decrease is likely due to deepening of the crater, which causes the crater floor to be in radar shadow and therefore receive no illumination from the satellite. We also observe deposition of pyroclastic material on the inner crater flanks (Fig. 8b) . CSK images show that relative to the pre-eruptive scene, the post eruptive scene has reduced amplitude on the glacier west of the summit, but increased amplitude further west on lower non glaciated areas ( Fig. 8d and 8f) . The prevailing wind direction at Cotopaxi blows from east to west, leaving the thickest tephra deposits to the west of the summit. At X-band wavelengths, the tephra deposits appear to be less rough than the glacial snow and ice (reduced amplitude) but more rough than the non-glaciated plateau surrounding Cotopaxi. SAR amplitude images have been used at El Reventador, Ecuador, to map the spatial extent and temporal evolution of the lava flow between 2011 and 2016 Arnold et al. 2018) . The width of the shadow cast by the steep sided lava flows was used to measure the thicknesses of the lava flow edges and therefore estimate flow volume and time-averaged lava extrusion rate. In addition to lava flows, we observe thinner deposits associated with pyroclastic density currents and can map their transition from erosive to depositional behaviour by observing the infilling of gullies. We also observe growth of the lava dome and formation and infilling of craters formed at the summit of the dome. El Reventador is a remote volcano situated in the Ecuadorian rainforest, and visual observations are frequently hindered by cloud cover. The all-weather imaging capability of SAR provides an ideal Soufriere Hills Volcano, Montserrat is not currently erupting, but we used amplitude change detection methods to study Phase 5 of the eruption using 12 TSX images collected between Sept 2009 and February 2010 to test the applicability of this technique to future eruptions. In addition to the pyroclastic density currents (PDCs) detected by Wadge et al. (2011) , we also detected amplitude changes associated with ashfall, lahars, and the weathering of recent eruptive products. The radar amplitude images are particularly useful for determining the spatial extent of the flows close to the dome, as the summit is often cloud-covered. In particular, since both PDCs and lahars are topographically controlled, knowing which direction the flows are following is key to hazard models. However, distinguishing between PDCs and lahars based on radar images alone is challenging, and we correlated our observations with those from the Montserrat Volcano Observatory. PDCs dominate in proximal valleys and typically display 'core-and-shell' pattern: the 'core' of the flow is formed by a rough surface surrounded by a shell of smoother deposits. Assuming pyroclastic flow deposits form through progressive aggradation (Branney and Kokelaar 1992) , we interpret this rough core to be the initial deposits of dense material, with the shell representing more dilute aspects of the flow. In contrast, the lahar deposits exhibit a grading from smoother surfaces upstream to rougher surfaces downstream, following the characteristic of alluvial mudflow deposits (Lipman and Mullineaux 1981) .
Sentinel-1 amplitude images spanning the 2015 eruption of Calbuco showed the formation of the new crater during eruptions on 22-23 April, which is especially clear in the ascending images, where the eastern rim of the new crater has a high amplitude (not shown). Eruptive deposits, including local ashfall northeast of the volcano, also caused amplitude changes and phase decorrelation in interferograms that spanned the eruption, most notably in topographic hollows downwind of the volcano.
High resolution digital elevation models
DEMs collected from space underpin a wide range of activities at volcano observatories, notably modeling the paths of hazardous flows (e.g., (Hubbard et al. 2007; Huggel et al. 2008) ), but also estimating eruption flux and topographic corrections for geophysical datasets. The globally available DEMs, such as SRTM 1 and ASTER GDEM are too low resolution to be used for this purpose and where possible, observatories typically invest in airborne lidar or photogrammetric DEMs (e.g. (Davila et al. 2007) ). Both optical and radar satellites can also be used to repeatedly generate high-resolution DEMs (Section 1.2, e.g., (Poland 2014; Ebmeier et al. 2012) ). It is possible to generate high resolution DEMs as often as every 11 days using CoSSCs from TanDEM-X bistatic SAR data (e.g., (Arnold et al. 2016) ). DEMs generated by optical satellite stereo and tri-stereo images from the Pleiades system have been used at volcanoes in Latin America (e.g., (Castro et al. 2016 Richter et al. 2018 ), but over some areas, clouds prevent clear data collection. For example, we had a three year standing request to collect Pleiades DEMs (tri-stereo or stereo) over Chiles-Cerro Negro and Reventador, but after 100 attempts, no cloud free pairs could be collected.
Within the LAPP, we tested the utility of CoSSCretrieved topography to measure the volume and distribution of volcanic products at fifteen target volcanoes: Santiaguito, Fuego and Pacaya, Guatemala; Arenal, Costa Rica; Soufriere Hills, Monserrat; Reventador, Ecuador; Ubinas, Perú; Nevado de Ruiz, Colombia; and Láscar, Copahue, Llaima, Vilarrica, Cordón Caulle, Chaitén and Hudson, all in Chile. Additional CoSSCs at Colima, Mexico were analyzed by (Kubanek et al. 2013 ). CoSSCs could have been useful at other volcanoes, but data were either not analyzed (like at Turrialba and Tungurahua) as part of the LAPP or not acquired, such at Calbuco after the VEI 4 2015 eruptions.
At Soufriere Hills, we generated DEMs from ALOS-1 L-band monostatic data in 2010-2011 and TanDEM-X Xband bistatic data in 2013 and compared them to earlier DEMs derived by aerial and ground-based photogrammetry surveys (Arnold et al. 2016) . We observed cycles of dome building and collapse and the deposits of ash, pyroclastic flows and lahars with maximum elevation changes of 290 ± 10 m on the lava dome and 250 ± 10 m in valleys. In the case of Reventador, we generate 9 TanDEM-X DEMs which we complement with estimates of lava flow volumes from 32 RSAT2 amplitude images using the shadow method ). The resulting time-series enables us to investigate the temporal evolution of the effusion rate using physics-based models of the magmatic system , and the behavior of basaltic-andestic lava flows. In both examples, areas of layover and shadow in the radar images introduce uncertainties, but at Montserrat, both the bistatic and monostatic InSAR methods provide a more complete quantification of deposits than the alternatives.
Topographic changes calculated from bistatic CoSSC data with respect to the SRTM DEM at several volcanoes in Latin America are shown in Fig. 9 . Most of the topographic changes in Fig. 9 are due to the extrusion of lava flows and domes and to glacier retreat. The largest topographic changes result from the extrusion of a rhyolitic dome during the 2008-2009 Chaitén eruption (Fig. 9e , (Pallister et al. 2013b) ) and the extrusion of a rhyodacitic lava flow as well as the intrusion of a very shallow laccolith during the 2011-2012 Cordón Caulle eruption (Fig. 9d , (Castro et al. 2016) ). Topographic changes due to lava extrusion are also observed at Arenal (Fig. 9j, (Hofton et al. 2006) ), Fuego (not shown), Santiaguito (Fig. 9l, (Ebmeier et al. 2012) ) and for multiple eruptions at Pacaya (Fig. 9k , (Rose et al. 2013) ). At Nevado del Ruiz, CoSSC analysis shows both glacier thinning and the growth of a small lava dome inside the volcano crater, although to properly image the latter signal we had to use the 12 m DLR World-DEM (Fig. 9h) . At Ubinas we cannot image the growth of a small lava dome (Fig. 9f, (Coppola et al. 2015) ) inside the summit crater using SRTM as the reference topography. Signals observed at Villarrica and Llaima (Fig. 9a and b) are produced by glacier thinning and retreat, and during the 2015 and 2008-2009 eruptions, respectively . At Hudson volcano we find more than 100 m of glacier thinning, including a topographic increase of 80 m in the ice filled caldera as well as in the 3 eruptive vents of its 2011 eruption (Fig. 9c, (Delgado et al. 2014b) ). At Copahue volcano, we also find changes in the summit glaciers (Fig. 9i) . Finally, at Láscar CoSSC analysis shows localized errors in the SRTM DEM (Fig. 9g) , but no changes in the subsiding summit craters (e.g., (Richter et al. 2018) ).
In summary, the CoSSC data are very useful at volcanoes where elevations are changing rapidly, which for Latin America, is at least 14 volcanoes during the LAPP. Although the spatial resolution of the CoSSCs allow construction of 2-4 m/pixel DEMs (even higher resolution for spotlight data), the minimum size of a topographic feature that can be detected depends on the resolution of the reference DEM. We have not assessed the minimum topographic change that can be detected by TanDEM-X, but it has been used to measure thicknesses of a few meters in basaltic flows elsewhere (Poland 2014) , in agreement with theoretical uncertainties (Albino et al. 2015) .
Feedback from volcano observatories
We received responses to a questionnaire regarding how the satellite observations from the LAPP were used and could be more effective (questions are shown in the Additional file 2) from eight volcano observatories (Table 4) in seven different countries. These volcano observatories are responsible for providing information about the possible hazards to their local and national governments. All satellite information should be conveyed to the authorities through the volcano observatories, and direct contacts of space agencies and external scientists with the media and authorities are highly discouraged since they could undermine the work of the observatories and reduce the effectiveness of the response (e.g., (Newhall et al. 1999) ).
During the LAPP, all of the volcano observatories that completed the questionnaires used the satellite data with available ground observations to assess the possible hazard from a given volcano. When available, the satellite observations were discussed with the other types of data during regular staff meetings. The satellite data were not always available for decision support, either because they had not been acquired or processed in time. All observatories requested access to more frequent data made available in near real time. Because of the sub-optimal temporal sampling and timely data delivery, ground-based data Fig. 9 Topographic changes between February 2000 SRTM 1 arcsecond DEM (shaded relief) interpolated to 10 m and TanDEM-X acquisition (date shown). One color fringe equals the ambiguity height Ha shown in each subpanel which is a linear approximation for the actual topographic change that holds for values < 100 m. Blue squares are 10 by 10 pixels assumed to have zero topographic change. a. Villarrica: glacier thinning in the area of 2015 ash deposition (1) and glacier retreat (2). Volcano crater is black triangle, red and magenta lines are debris-free and debris-covered glacier ; blue and black lines are calderas 1-2 and 3 rims (Moreno and Clavero 2006) ; b. Llaima: debris-covered glaciers (1), summit change after the 2008-2009 eruptive cycle (2) and northern flank change (3) that is under investigation. Volcano crater is black triangle.; c. Hudson: thinning at glacier (A), uplift in an ice cauldron (2), the vents of the 2011 eruption (3) (Delgado et al. 2014b ) and in areas of lahars (4). Black triangles are October 2011 eruptive vents, white line is an ice filled cauldron, black lines are lahars observed in early 2011 and blue line is caldera rim (Delgado et al. 2014b) .; d. Cordón Caulle: new rhyolitic lava flow (1), intrusion of shallow laccolith (2) (Castro et al. 2016 ). Black line is contour of the 2011-2012 lava flow one year after the end of the eruption, red triangle is eruptive vent (Delgado et al. 2016) .; e. Chaitén: new rhyolitic lava dome (1) (Pallister et al. 2013b ). Black line is caldera rim.; f., g. no changes at Láscar and Ubinas, but SRTM errors. Black triangle is eruptive vent. (seismicity, geochemistry, GPS) are used more regularly to define warning levels.
For example, in Perú, the LAPP did not have the personnel to process interferograms routinely for all volcanoes. We were either monitoring background activity annually or operating in a reactive mode, responding to episodes of unrest. There were about a dozen of these requests for the 4 volcanoes where unrest was detected on the ground (see Table 3 : Ubinas, Sabancaya, Ticsani, El Misti). The volcano observatories write weekly reports and would include satellite observations more often if data were available.
We summarize here a few comments from the questionnaires. The volcano observatories use information from satellite data in their communications with local communities and decision-makers, but the data themselves are not usually included. The volcano observatories receive the images (for example, interferograms) which meets most of their needs, but written scientific interpretations of the images are considered helpful. Additional modelbased information (when available) like parameters of best-fitting source models are useful for comparison with other inferences. Some participants in the pilot identified two groups of products that are both of value to the observatories -interferograms produced for hazard assessment (i.e., produced rapidly, including null results of immediate value for understanding if there is a large change in the system or not) and interferograms and time series produced for science that take longer time and allow the detection of smaller amplitude signals.
In terms of capacity building, short courses and visits by InSAR experts to the observatory or observatory staff to an InSAR processing center are considered useful for interpreting the data -both types of activities occurred during the LAPP. We have recommendations on how to improve uptake by volcano observatories in the "Discussion" section. An important outcome of the questionnaires is that each volcano observatory is unique in the number of people and amount of resources -thus, while some would like to set up capability to have a staff member take an active role in processing InSAR data, other observatories do not have resources for this and will rely on external partners to process data and provide interpretations.
Discussion
Recommendations for global subaerial satellite volcano observing system
The LAPP has tested the concept of a regional scale volcano monitoring system. In doing so, we have gained insights into the requirements for and challenges of an operational global volcano monitoring system based on satellite observations as envisioned in the Santorini report in 2012. We note that the Santorini report objectives are not yet achievable without some further international coordination. Using our experience from the LAPP, we discuss below seven practical principles that the SAR component of a global satellite volcano monitoring system should consider. While these principles may be selfevident to many in the SAR community, they need to be communicated to the space agencies and volcano observatories. We first list the principles and then discuss each in more detail.
1 The monitoring system must involve multiple space agencies and satellite platforms, to get nearly daily coverage and to provide regularly updated high resolution topographic maps. 2 Data quotas should be assigned for a) systematic background observations using the appropriate observing mode for each volcano (spatial resolution, polarization, etc.), b) case studies requiring very high temporal resolution datasets and c) flexible response to unrest and eruption. 3 A systematic background mission using ascending and descending passes should take into account both the level of activity at each volcano and the temporal and spatial baselines required to form coherent interferograms and observe deformation transients. 4 Acquisition plans need to be flexible to accommodate changes in activity, evolving methods, and improved understanding of which observation modes are and are not useful at each volcano. 5 Near real-time data access is vital for decision making, requiring frequent overpasses, rapid tasking and short data latency. 6 Dedicated support for coordination between space agencies, scientists and volcano observatories to provide the best operational response and avoid conflicting requests for the satellite tasking or interpretations of satellite observations. 7 Long-term sustainability is key to building and maintaining relationships with observatories and decision-makers. Research projects and students can provide support, but stable resources should be ensured.
Optimising acquisitions from a multi-platform virtual constellation
Radar satellites operate at a range of different frequencies and polarisations, repeat intervals and resolutions. Similarly, volcanoes have different characteristics. The goal of a virtual constellation is to assign the appropriate satellite(s) and mode(s) for each volcano. At the start of the LAPP, we planned the type of data needed at each volcano, but it soon became apparent that the plan needed to be reviewed on a regular basis to take into account changes in volcanic activity and satellite availability. The spatial resolution required depends on the type of volcano and activity. High spatial resolution (better than 1 m/pixel) is required at volcanoes where activity is concentrated in a small area, such as the summit crater of a stratovolcano, or where the volcanic system is open, and deformation is associated with shallow conduit processes (like Colima volcano, Mexico, and Masaya volcano, Nicaragua, (Salzer et al. 2014; Stephens et al. 2017) ). In contrast, large calderas, or deep magma systems require large footprints to capture the broad deformation pattern (like Nevado del Ruiz, Colombia and Villarica, Chile, Delgado et al. 2017) ). More broadly, there are many examples (in Latin America: Cordón de Puntas Negras, Lazufre, recent Nevado de Ruiz deformation) where deformation is centered 10-30 km from the volcano edifice, and imaging the edifice alone in a high resolution mode could miss the deformation signal (e.g., Ebmeier et al. 2018) ).
Volcanic processes operate over a range of timescales, some of which are too short to ever be captured by polar-orbiting satellites. However, short-lived deformation pulses, such as the pre-eruptive deformation at Llaima, Chile (caught by chance by ALOS-1, Chen 2017) ) and Masaya, Nicaragua (Stephens et al. 2017 ) can be measured using sub-weekly overpasses provided by satellite constellations such as CSK and Sentin el-1 if a large data quota is available.
The coherence of interferograms is limited by the radar wavelength and the temporal and geometric baseline between acquisitions, and depends on surface characteristics, particularly vegetation cover. The current 12-24 day repeat interval for Sentinel-1 is not sufficient to maintain coherence in many volcanic areas in Latin America, specifically southern Chile and Central America (Additional file 2: Figure S6 ). The LAPP examples illustrate the need for systematic studies of atmospheric artifacts and interferometric coherence at different wavelengths (e.g., (Parker et al. 2015; Ebmeier et al. 2013b; Delgado et al. 2017) ), to tailor the acquisition plans. For Sentinel-1, this might mean 24 day repeats in areas of good coherence, but more frequent acquisitions in other areas. ALOS-2, which operates at L-band and high bandwidth HH polarized RSAT2 can be used to supplement Sentinel-1 for areas that are extremely vegetated, such as Central America and the southern Andes.
Background mission
Background observations are critical to develop a complete archive of both positive and null results of deformation across a spectrum of volcano types and tectonic settings -avoiding the problem that information about unrest that does not lead to eruption (so called failed eruptions) is often not published in the literature (e.g., (Moran et al. 2011; Biggs et al. 2014) ). During the LAPP, tasking conflicts occurred between groups who were requesting different beam modes with different priority levels. In the worst case, this interrupted a long-term time series at a crucial phase of unrest. For RSAT2, although the acquisitions are frequent, they not systematic, with irregular acquisitions using different modes and resolutions. This can be an advantage, for example, the randomness in acquisitions allowed the Mauna Kea pit crater to be imaged when it is not normally visible (observed by coauthor Mike Poland), but can also lead to a lack of consistency in results and challenges in planning for upcoming acquisitions.
One way to avoid tasking conflicts is to ensure a background observation strategy defined by a steering group of users as already being done by ESA and ASI. A more effective acquisition strategy to provide the most useful data for volcano disaster risk reduction could be defined at the inter-agency level. Such a background mission would ensure that there is a suitable archive of data for each volcano, enable detection of unrest at unmonitored volcanoes, and avoid tasking conflicts.
Deformation captured with infrequent acquisitions can be retrospectively studied with higher resolution provided there is a background mission. For example, Sentinel-1 was able to capture deformation associated with the reappearance of the lava lake at the Santiago crater pit (2015-present) at Masaya, Nicaragua, and motivated the LAPP to order CSK data.
Background missions should include data collection during both ascending and descending satellite orbits. There are several examples in Latin America where using only one or the other has meant that the deformation was not detected (e.g., Arenal flank displacements are hard to detect in ascending data, (Fournier et al. 2010; Ebmeier et al. 2013a) ) or the true complexity of the source of the deformation was only revealed when both data were available (e.g., (Wicks et al. 2011; Jay et al. 2014; Delgado et al. 2017; Lundgren et al. 2017; Nikkhoo et al. 2017) ).
Data quotas and access
Particularly in the tropics, time series methods are required to mitigate against atmospheric artifacts and poor coherence (e.g., (Stephens et al. 2017) ). For CSK, many of the short temporal baseline image pairs have large perpendicular baselines making them incoherent (Fig. 10) . Compounding the problem is the fact that baselines are not defined in the acquisition catalogue requiring the processing of all images to find the coherent results. Depending on the conditions, many hundreds of images may be required to study just a few volcanoes (Figs. 10, 11) . Thus even though the quotas allocated to the LAPP were very generous, they were not sufficient for all detailed studies requested by the volcano observatories.
Near real-time data access is vital for including InSAR observations in decision-making processes during volcanic crises. By using a virtual constellation, there is often a planned acquisition within a day or two of receiving a request from an observatory, and if not, an acquisition can be requested on an upcoming overpass. For instance, the repeat pass of CSK is as little as 12 h when all 4 satellites and pass directions are taken into account. (Stephens et al. 2017) Within the LAPP, the most significant delays were associated with data latency, rather than limitations of satellite acquisitions. In particular, TSX acqusitions typically have a latency of 4-5 days, which meant that despite an ongoing timeseries of TSX data, we relied on other satellites to provide information during Chiles-Cerro Negro crisis ). The Sentinel-1 ground segment was still in its setup phase during the LAPP, but data access is improving with time.
Coordination and communication
A significant challenge to the LAPP was coordination, and dedicated personnel would be needed to extend the efforts of the pilot into a long-term monitoring system. Systematic monitoring of volcanoes in Latin America will require a dedicated effort by a team of scientists. The LAPP relied heavily on case studies produced by PhD students, but they cannot sustain demands of operational monitoring. Nor are short-term research projects suitable for longterm sustainability. Indeed previous attempts to set up satellite-based monitoring have developed promising software solutions, but are no longer maintained (e.g., (Tait and Ferrucci 2013) )
Limitations of the LAPP
The 3-year duration of the LAPP (extended to 4 years with archive data) did not cover all of the types of volcanic activity that could occur. The short duration of any satellite observations will not sample the lifecycle of any individual volcano and we must rely on the ergodic hypothesis -that we can substitute sampling the entire range of behaviours in time by instead sampling in space. But the four year time period was clearly too short to characterize volcanic activity and its hazard -for example, as far as we can tell, during the LAPP, there were no deaths attributed to volcanic activity. In contrast, volcanic activity in the region during the 20th century caused about 62,345 deaths (623/year), but with 88% from just two eruptions -1902 at Mt. Pelee (Martinique) and 1985 Nevado de Ruiz, Colombia (Cred 2017) . The CRED database spans 1900-2016 and includes about 85 unique volcanic disasters in Latin America (0.73/year or about 3 expected during the LAPP time period) that meet their criteria (more than 10 deaths or 100 people affected, declaration of a state of emergency, or request for international assistance). In fact, eight events occurred during the LAPP that are recorded in Cred (2017) -all for eruptions between 2013-2015: Villarrica and Calbuco, Chile (with Calbuco listed in the database as separate entries for Chile and Argentina); Sabancaya and Ubinas, Perú (grouped together); San Miguel, El Salvador; Cotopaxi and Tungurahua, Ecuador; and Turrialba, Costa Rica, that caused significant damage and collectively affected > 1 million people (with 80% affected by Cotopaxi). This shows the impact of single, rare events and shows the need for a longer time series of observations.
Recommendations to improve uptake of InSAR data by volcano observatories
Based on the interaction of the LAPP with eight volcano observatories over several years and completed questionnaires, we offer the following suggestions on how to improve uptake of InSAR data at the volcano observatories in Latin America:
1 Training in data processing and interpretation. If data products are created by external partners, there are several potential ways they could be distributed to volcano observatories. In some cases, a simple image (jpeg) is of use, but observatories appreciate georeferenced images in Google Earth or ArcGIS. As automated systems are developed for processing data and creating alerts (e.g., (Hua et al. 2013; Spaans et al. 2017) ), several possible strategies could be established: 1) Use the existing Smithsonian weekly reports but add satellite unrest detections, make them available in foreign languages, and allow users to select to only get updates for certain volcanoes; 2) create automatic alert subscriptions, similar to those of Pavolonis et al. (2016) where the user can specify targeted volcanoes and receive an email as soon as there is a detection. Such alerts are currently used for targeting additional satellite acquisitions for a limited number of volcanoes (Ramsey 2016) . 3) Websites associated with dedicated processing systems, such as the LicSAR system being developed by the NERC-COMET group (http://comet.nerc.ac.uk/COMET-LiCSportal/), which aims to produce Sentinel-1 interferograms for every volcano in the world. For archived observations, WOVOdat and the Smithsonian Institution store some raw data, but at the moment this is only in the form of jpegs, not the digital data that could be used in modeling. 4 Conflicting Advice.
For products provided by external partners, one concern is conflicting interpretations. In recent years, volcano observatories have received interferograms that some people interpreted as ground deformation, but others thought was atmospheric noise. In other cases, deformation was attributed to a dyke, a sill or fault slip. Observatories request that uncertainties are included in any products they are sentspecifically whether a given signal is likely to be real deformation or an atmospheric or ionospheric effect. There are ethical and possibly legal implications in providing information to an end-user who has not enough expertise to assess the quality of the product, but still is the only one liable for the losses if any arise from incorrect information or even misuse (e.g., (Aspinall 2011) ). When multiple groups are interpreting interferograms and communicating with the volcano observatory that does not have InSAR expertise, some procedures should be established so that the external groups can work together to provide one consensus interpretation or the range of interpretations available considering the ethical and legal implications (e.g., (Aspinall 2011; Bretton et al. 2015) ). Further, those providing satellite data to observatories have an obligation to ensure there is capacity at the observatory, if not to process the data, at least with the interpretation of satellite products.
Conclusions
Most of the goals of the LAPP outlined in "The CEOS volcano pilot project: motivation and implementation" section were achieved:
1 Identification of volcanoes that are in a state of unrest: The LAPP discovered unrest that was not detected by ground sensors (e.g., Córdon Caulle, Chile), and confirmed or complemented ground arrays in other areas. Due to limits in data and personnel availability, the LAPP was not able to monitor all volcanoes in Latin America as frequently as desired (i.e., quarterly for all 319 volcanoes or weekly at 63 "active" volcanoes), but concentrated on 42 "active" volcanoes with background observations at > 200 others. 2 Comprehensive tracking of unrest and eruptive activity: The LAPP motivated the end-users at volcano observatories to do a few things differently than they would have done without satellite datasuch as install instruments in areas that were discovered by the LAPP to be deforming, support situational awareness during volcanic crises, contribute to the interpretation that a large eruption was not imminent (and thus helped to lower or keep an alert level low), and to show failures in ground sensors. It is impossible to put an economic impact on the value of satellite observations as part of the LAPP. As far as we know, no lives were lost during the LAPP, but about 1 million people were affected by eight eruptions noted by Cred (2017) during the four year time period of the LAPP. Satellite data contributed to the volcano observatory's decision-making about alert levels, sensor deployments, and the reliability of sensors for five of those eight eruptions (Calbuco, Villaricca, Sabancaya, Cotopaxi, Tungurahua). 3 Validation of EO-based methodology for improved monitoring: It is clear that a virtual constellation added value -some unrest could only be detected or constrained by certain satellites (Table 2 ). 4 Improved EO-based monitoring of key parameters for volcanoes that are about to erupt, are erupting, or have just erupted: Satellite observations allowed lava flows to be monitored at remote Reventador, Ecuador, and provided the only ground deformation data and constraints on magma resrvoirs during the 2014 eruptions at Wolf, Ecuador and Pacaya, Guatemala. 5 Capacity-building: The LAPP provided training in SAR/InSAR interpretation and increased the amount of SAR data being used in decision-making at volcano observatories. But there is more work to be done to make the data available in a timely manner to allow for more routine use as well as to reach out to every single volcano observatory in the region.
To improve upon the work of the LAPP, the critical needs are continued access to restricted SAR datasets and more frequent data provided at lower latency. We are currently limited in the amount of data being acquired, but also there is sometimes a delay between when data are tasked or acquired and when it can be delivered because personnel are limited and there are other pressing needs. The situation will improve with the routine 12 or 24 day background mission from Sentinel-1, but there are still gaps in Sentinel-1 coverage.
We think that the work of the LAPP should continue through a coordinated project between volcano observatories, space agencies, and international scientists. It is our view that the primary hurdles for continuing the volcano disaster risk reduction work of the pilot are the definition of dedicated teams to accomplish the work (at the observatories and externally) and the commitment from space agencies (and their partners) to provide relevant data. Central to the team aproach is capacity building and should include the training of students from the countries that need the capability to process and interpret remote sensing data, instead of solely short courses and isolated outreach efforts. It is also clear to us that there is not a one-size fits all approach to linking volcano observatories and satellite data -at one extreme, some observatories would like raw data to process themselves to compare with results from external partners while at the other extreme the observatories do not have staff to process raw data and so would like interpreted products provided. It should also be recognized that there are some remote volcanoes that are not being actively monitored by any observatory. An approach that identifies the needs of different volcano observatories and is able to address all of these different capabilities is needed.
Additional file
Additional file 1: Table S1 . Table of 319 Holocene active volcanoes (include restless Pleistocene volcanoes) from the GVP that were the focus of satellite SAR observations. 63 volcanoes were classified as "Active" because they were restless -defined here as having eruptions during LAPP (28 volcanoes), seismic swarms (9) or other satellite detected unrest (54) 
